Abstract-A circular patch antenna based on open elliptical-ring slots and shorting vias with conical radiation patterns is proposed. Fed by the coaxial probe at the center of the circular patch, the proposed antenna is excited at three resonant modes, simultaneously. The first resonant mode (monopolar patch mode) is achieved by six shorting vias, each of which is placed at the center of the open elliptical-ring slot. By embedding six open elliptical-ring slots on the patch, the other two resonant modes of the open elliptical-ring slot resonator, TE 110 and TE 210 , can also be excited. Due to symmetrical slots on the patch, these two modes can produce conical patterns, and their frequency ratio can also be tuned by adjusting the size of the slots. The proposed antenna is fabricated and measured. The measured results show that the proposed antenna can provide three operating bands which meet the required bandwidth specifications of 2.4/5.8 GHz WLAN and 3.5/5.5 GHz WiMAX standards. Detailed design considerations of the proposed antenna are described, and both the simulated and measured results are given. Moreover, the effects of the vital parameters on the performance of the proposed antenna are analyzed in this paper.
INTRODUCTION
With the rapid development of modern wireless communication systems, multiband antennas with simple structures have gained more attention than ever. Planar printed monopole and dipole antennas [1] [2] [3] [4] [5] [6] , especially with the multi-band characteristics, are promising candidates in wireless portable communication systems in virtue of their low profile, light weight, large service area and easy fabrication. To realize multiband operation, ultra-wideband (UWB) monopole antennas with bandnotched characteristics by using meander lines [1] and arc-shaped stubs [2] are proposed. Differently, the multiband behavior has been obtained by extending the geometry of a reference shape adding Tshaped strips [3, 4] , Y-shaped stubs [5] or mirrored-L elements [6] . Most of the monopole antennas have partial ground plane. However, their impedance and radiation characteristics are significantly influenced by the size of the ground plane.
Recently, some low profile microstrip antennas with intact ground plane have been reported in [7] [8] [9] . For example, by embedding an offset open-ring slot [8] or two open-ring slots [9] in a circular patch, two resonant modes with similar radiation patterns are excited. However, these antennas radiate broadside patterns and cannot be widely used in the wireless communications. To realize the monopole-like radiation pattern, some microstrip patch antennas with low profile have been investigated in [10] [11] [12] . In [10] , a conical radiation pattern is obtained by using a circular patch antenna (CPA). Then, an annular ring was utilized to improve the impedance bandwidth of the CPA [11] . Finally, a shorted square-ring fed by a top-loaded coaxial probe is studied in [12] , where the shorting vias are added to excite the monopolar patch mode and change the frequency ratio of the resonant frequencies.
In this paper, a triple-band center-fed circular microstrip antenna loaded with shorting vias and open elliptical-ring slots is introduced for WLAN and WiMAX applications. The shorting vias enclosed by the open elliptical-ring slots are located symmetrically with respect to the central coaxial probe. Furthermore, the ground plane is intact which makes the proposed antenna a low profile configuration of 0.048λ 0 at 2.4 GHz. Due to the central feeding by the coaxial probe, the proposed antenna provides good omnidirectional radiation patterns and the low gain variation in the azimuth plane across the three resonant bands. Both simulation and measurement results are presented to validate the antenna performance.
THEORY AND ANTENNA CONFIGURATION

Resonant Mode Analysis of the Open Elliptical-Ring Slot
It is well known that any slot has its complementary form in wires or strips, thus, patterns and impedances data of these forms can be used to predict the patterns and impedances of corresponding slots. The electric field distributions of microstrip open-ring resonator's resonant modes are given in [13] . Combining with the electric field distributions of the microstrip elliptical ring resonator's resonant modes in [14] , the electric field distributions of the open elliptical-ring slot resonator's TM 110 and TM 210 modes, which are shown in Figure 1 , can be reduced with the Babinet's principle. According to duality principle, there is an interchange between the electromagnetic fields of the slot and the complementary ring which is also presented in Figure 1 .
The resonant frequencies of both the TM 110 and TM 210 modes can be estimated by the microstrip line resonator analysis method which is used in [13] . The TM 110 mode is the one with the lowest resonant frequency, as shown in Figure 2 (a). And it can be considered as the resonance on a curved λ/2 microstrip line. The distribution of the magnetic field strength far away from the gap is nearly equal to that of a straight microstrip line. Only in the gap area does the field distribution change, because the field must be perpendicular to the boundaries at the end of the lines. The electric field component E Z is nearly constant across the microstrip line and only changes slightly from the inner to the outer circumference. For TM 210 mode, an additional zero of the azimuthal component H φ is found, and the corresponding field distribution is shown in Figure 2 (b). The mean value of the resonator length now is nearly equal to one wavelength. The resonance characteristics of the proposed antenna and the effects of key parameters are performed in the following section. For providing good radiation pattern performances across the three bands, the coaxial probe is placed at the center of the patch with the probe radius of 0.6 mm.
Antenna Design Procedure
PARAMETRIC STUDY
The effects of vital parameters of the proposed antenna on the resonant frequency and impedance matching are discussed in this section. 
Effects of Variation of the Slot Gap d
Effects of Variation of the Angle δ
|S 11 | of the proposed antenna with different values of angle δ is shown in Figure 5 with other parameters shown in the caption of Figure 3 . It can be noticed from the figure that as the value of δ decreases, the first resonant frequency decreases, and there is only slight change in the second and third resonant frequencies. However, the decrease of δ, which means that the feeding position of the open elliptical-ring slot is changed, causes a poor impedance matching at the second and third resonant frequencies. Figure 6 shows |S 11 | of the proposed antenna for different values of a 1 (or slot width d 1 ) with the other parameters shown in the caption of Figure 3 . It is observed that when the value of a 1 increases (or slot width of d 1 decreases), the second and third resonant frequencies decrease due to the increase of the mean resonance path of the open elliptical-ring slot. Also, impedance matching of the second and third resonant frequencies turns better with the decrease of slot width. However, the first resonant frequency, dependent on the angle δ and the position of the shorting vias, changes little. Figure 7 shows |S 11 | of the proposed antenna for different distances between two adjacent slots with the other parameters shown in the caption of Figure 3 . Noting that the slot width and the ratio between major and minor axes (b 1 /a 1 ) are fixed when changing the distance between two adjacent slots. It is easily found that when the distance between two adjacent slots increases (the size of the slot decreases), the second and third resonant frequencies turn impedance mismatching for the weak coupling between the slots, but there is no change in the first resonant frequency. Therefore, the number of slots should be properly chosen in order to get a good impedance matching at both the TE 110 and TE 210 modes of the open elliptical-ring slot. In this paper, considering the radius of the circular patch, the number of slots is six. Figure 8 shows |S 11 | of the proposed antenna for different ratios between major and minor axes. The other parameters of the antenna are fixed as shown in the caption of Figure 3 . The shorting via position of r 3 is accordingly adjusted to maintain the adjacent slots not to overlap while the slot width is fixed. It is easily found that as the ratio between major and minor axes increases, the second and third resonant frequencies increase, and there is no change in the first resonant frequency. Also, the increased ratio makes the impedance matching of the whole resonant frequencies good and the two resonant frequencies of the TE 210 mode couple together to form the third resonant band. When the ratio is equal to 1, the open elliptical-ring slot becomes an open-ring slot, and a poor impedance matching is 
Effects of Variation of a 1
Effects of Variation of the Distances between Two Adjacent Slots
Effects of Variation of the Ratios between Major and Minor Axes
RESULTS AND DISCUSSIONS
To verify the theory, a prototype, shown in Figure 3 (c), is fabricated and measured. The measured and simulated |S 11 | of the prototype are presented in Figure 9 , and a good agreement is achieved except for an acceptable frequency discrepancy which may be caused by the fabrication error. From the measured results in Figure 9 , it is clearly observed that three resonant modes are excited, and their resonant frequencies (defined as the frequencies with minimum |S 11 |) are about 2.4 GHz, 3.5 GHz, 5.5 GHz and 6.0 GHz, which belong to the monopolar patch mode, TE 110 and TE 210 modes, respectively. It should be mentioned that both the third and fourth operating frequencies, which are belong to the even and the odd modes for the TE 210 mode [14] of the open elliptical-ring slots, are dependent on gap d and angle δ. The impedance bandwidths of the first and second operating frequencies are 3.7% (2.39-2.48 GHz) and 5.8% (3.33-3.53 GHz), respectively. The third and fourth operating frequencies are coupled together with impedance bandwidths of 17.5% (5.2-6.2 GHz). Therefore, the proposed antenna can provide operating bands covering 2.4/5.8 GHz WLAN and 3.5/5.5 GHz WiMAX successfully. Figure 9 also shows the simulated electric field distributions of the proposed antenna at the three resonant frequencies. At 2.4 GHz, the electric field distributions of monopolar patch mode assuredly similar to the top-loaded monopole are invariable in the Φ-direction, and their directions are along the radial direction of the patch with only Z-component, so that the monopolar patch mode gives a null in the broadside. For the TE 110 and TE 210 modes, the electric field distributions on the open elliptical-ring slots agree well with the magnetic field distributions on the complementary open elliptical-ring which is shown in Figure 2 .
For the radiation patterns test of the prototype, we have used a standard antenna test set with a horn antenna as a source in an anechoic chamber. Simulated and measured co-polarization (E θ ) and cross-polarization (E ϕ ) radiation patterns on E-plane and H-plane are exhibited in Figure 10 at different resonant frequencies, with the x-z plane and x-y plane referred to as the E-and H-planes, respectively. The results show that the proposed antenna radiates stable vertical-polarized waves (E θ ) with conical radiation patterns across the whole operating bandwidths, and the maximum power levels occur at elevation angle θ of 81 • , 66 • , 39 • and 33 • as it is operated at 2.4, 3.5, 5.5, and 5.8 GHz, respectively, which are similar to the simulation results by HFSS.
Finally, the measured gain variations against frequency for various elevation angles θ across three operating bands are measured and shown in Figure 11 . As can be found, the elevation angle θ, at which the maximum power level occurs, decreases with the increase of the frequency. For the case of θ = 60 • , the average gains are about 1.285 dBi (1.27-1.3 dBi) with variation of 0.03 dBi at the 2.4 GHz band, 1.11 dBi (1.09-1.13 dBi) with variation of 0.04 dBi at the 3.5 GHz band, 2.39 dBi (1.67-3.12 dBi) with variation of 1.45 dBi at the 5.5 and 5.8 GHz bands. 
CONCLUSION
A triple-band center-fed circular microstrip antenna loaded with shorting vias and embedded with open elliptical-ring slots is proposed. The proposed antenna has an attractive low-profile configuration with a 6 mm height only (0.048λ 0 at 2.4 GHz). Three resonant modes with conical radiation patterns can be excited by feeding symmetrically at the center, and the key parameters which affect the resonant frequencies of the three modes are also studied. An antenna prototype is designed, fabricated, and tested. The experimental results show that the impedance bandwidths of the three operating frequencies are 3.7%, 5.7%, and 17.5%, respectively. Also, the antenna can provide stable conical radiation patterns across these three operating bands. Therefore, the proposed design is suitable for the applications of the present wireless communications.
